not shown), implying in sympathetic neurons a possible 5B, and 5F). Double staining of DRGs for TUNEL and the pan-neuronal marker ␤ III -tubulin indicated that most role for CREB in neural crest migration, neurogenesis, if not all of the apoptotic cells in these structures were and/or survival. indeed neurons ( Figure 3C ). This amount of excess apoptosis among CREB null sensory neurons could explain CREB Null Sensory Neurons Die by Apoptosis the degeneration of DRGs observed in E17.5 embryos during Periods of Neurotrophin Dependence In Vivo (Figure 2 ). It should be noted that similar numbers of Given that a physiologic wave of cell death occurs TUNEL-positive cells are detected in wild-type, heteroamong DRG neurons between the gestational ages of zygous, and CREB null DRGs at E18.5 ( Figure 5F ), de-E13.5 and E17.5, we sought to address whether excess spite the markedly reduced size and number of neurons apoptosis during this period accounts for the loss of in CREB null ganglia at that age ( Figure 2G ). We perneurons in CREB null embryos. To assess the amount formed BrdU labeling experiments at E13.5 to assess of apoptosis, we performed a developmental time the amount of proliferation in DRGs, since the neurocourse of TUNEL staining in peripheral ganglia. At initial trophin NT-3 has been demonstrated to function as a stages of neurotrophin dependence, E13.5 for DRG neucritical survival factor for proliferating neuronal precurrons and E17.5 for SCG neurons, we observed little, if sors (ElShamy and Ernfors, 1996a, 1996b; ElShamy et any, excess apoptosis in CREB null ganglia as compared al., 1996, 1998). We found that control and CREB null to control ganglia ( Figure 5F and data not shown). EmDRGs displayed nearly identical amounts of proliferation bryonic lethality prevented the analysis of CREB null ( Figures 5H-5J ). SCGs at later time points; however, in CREB null DRGs, We next asked whether CREB was similarly involved we observed increasing apoptosis as their period of in supporting survival of cranial sensory neurons. In trineurotrophin dependence progressed. Indeed, lumbar geminal ganglia analyzed at E13.5, E15.5, and E18.5, we DRGs from CREB null E15.5 embryos displayed a 2-fold observed that CREB null ganglia contained 2-to 5-fold increase in the number of TUNEL-positive cells when more TUNEL-positive cells than control ganglia ( Figures  5D, 5E , and 5G). Again, most of the TUNEL-positive cells compared to DRGs from control embryos (Figures 5A, 8G). Similar defects were observed in cranial sensory vitro using either ganglion explants or dissociated neurons cultured on polylysine/laminin, a very permissive nerves. Cutaneous projections of the ophthalmic branch of the trigeminal nerve were clearly shorter and less substrate for axonal growth. DRG explants were removed from E13.5 embryos and cultured in media conelaborately branched in CREB null mice as compared to controls ( Figures 8D and 8H) . Projections of the maxillary taining NGF (3 ng/ml or 30 ng/ml), and the caspase inhibitor BAF to prevent apoptosis. At both concentrabranch of the trigeminal nerve appeared normal in CREB mutants ( Figures 8D, 8H , and data not shown). Interesttions of NGF, axons of CREB null neurons were significantly shorter than axons of controls ( Figures 9A-9C ). ingly, projections of spinal nerves were also compromised in mice lacking both CREB and Bax (Figures 8I- In other experiments, DRGs were dissociated and lowdensity cultures were established to minimize the influ-8K), despite the finding that apoptosis is absent in spinal ganglia of these double mutant mice (Figure 6 ). Taken ence of intercellular interactions. Dissociated neurons were grown in the presence of NGF (1 ng/ml or 0.3 ng/ together, these results indicate that CREB is required in vivo for both survival and axon growth. ml), and axon length was measured 24 hr after plating. Again, axons of CREB null neurons were considerably shorter than axons of control neurons ( Figures 9D-9F ).
CREB Null DRG and SCG Neurons Exhibit Reduced Axonal Growth In Vitro
Growth of axons of sympathetic neurons was also assessed. SCG explants were removed from E16.5 emTo determine whether CREB is required within DRG neurons for axonal growth, we assayed axon extension in bryos and grown in the presence of NGF and the cas- pase inhibitor BAF. After 2 DIV, CREB null SCG neurons to analyze the importance of CREB during development of the peripheral nervous system. We found that CREB produced axons that were only half the length of control axons ( Figures 9G-9I ). CREB null axons remained signifiis phosphorylated in a neurotrophin-dependent manner on its transcriptional regulatory site, Ser-133, in vivo cantly shorter than controls at 4 DIV (data not shown). Furthermore, axonal morphology was strikingly abnorduring periods of neurotrophin dependence, and that the absence of CREB dramatically disrupts two key neumal among CREB mutant sympathetic neurons ( Figures  7M, 7N, and 9H) . In contrast to the axons of control rotrophin-dependent processes, neuronal survival and axon growth. These results support a model in which neurons, which grow in straight, tightly fasciculated bundles, axons of CREB null neurons appeared highly disor-CREB is a critical target of neurotrophin signaling in vivo. ganized and defasciculated. Interestingly, this finding displayed a variability that depended upon the substrate used for growth. Axonal morphological defects were CREB Is Required In Vivo for Neurotrophinmost pronounced in sympathetic neurons grown on colDependent Processes lagen gel (compare Figures 7M and 9H) . Similar axonal In sensory neurons of both the DRGs and trigeminal morphological abnormalities were observed in dissociganglia of CREB null mice, we observed a dramatic ated cultures of CREB null sympathetic neurons (data increase in apoptotic cell death during periods of neuronot shown). trophin dependence. Interestingly, while CREB null DRGs are normally populated at the beginning of developmental cell death, their neuronal number is reduced Discussion to only 30% of their littermate controls at E17.5, a time when naturally occurring cell death in these ganglia is Previous work has shown that CREB is a mediator of neurotrophin-dependent gene expression in cultured nearly complete. Between E13.5 and E18.5, we observed a 2-fold increase in apoptosis among CREB null DRGs. neurons. Here, we have used a genetic system in which the disruption of CREB is both specific and complete An increase of this magnitude is highly significant in light of the fact that for many populations of neurons, observed in CREB null DRGs. Indeed, most if not all excess cell loss in NT-3 null DRGs has occurred by E12 an estimated 50% die by apoptosis during normal development (reviewed by Oppenheim, 1991). If such is the (ElShamy and Ernfors, 1996a), a time point at which CREB null DRGs are normally populated and do not case among mouse DRG neurons, an increase in cell death by simply 2-fold could account for the loss of the display excess apoptosis. Further, at E15.5, the time point at which excess cell death among CREB null DRGs entire neuronal population within the ganglia. Interestingly, the increase in cell death we observed among is at its peak, cell death among NT-3 null DRG neurons has returned to baseline levels. Taken together, these DRG neurons is rescued in vivo by removal of the proapoptotic factor Bax, indicating that the absence of findings suggest that NT-3 supports survival of proliferating sensory precursors in a manner that is not CREB triggers a Bax-dependent form of apoptosis in these neurons. This finding suggests that Bax functions dependent upon CREB, but that other factors, likely target-derived neurotrophins, support the survival of either genetically downstream of CREB or in a parallel pathway, though the molecular links between the two post-mitotic sensory neurons in a manner that depends critically upon CREB. remain unknown.
Several lines of evidence suggest that the cell loss In addition to a role for CREB in supporting neuronal survival in vivo, we have found that CREB appears to observed in CREB null DRGs is the result of increased apoptosis among mature neurons rather than a defect be involved in axonal growth as well. It has not escaped our notice that in the case of neurotrophin-dependent in proliferation or neurogenesis. First, the numbers of proliferating cells in the DRGs of control and CREB null neurons, which must grow to reach target-derived trophic support, the concepts of growth and survival are embryos at E13.5 are indistinguishable (Figures 5H-5J) . Second, while the survival of proliferating sensory neunot necessarily separable, and a requirement of CREB for survival could indirectly result from a requirement of ronal precursors has been demonstrated to require NT-3 (ElShamy and Ernfors, 1996a, 1996b; ElShamy et al., CREB for axonal outgrowth. Nonetheless, the observation that axonal outgrowth is impaired in the absence 1998), and in its absence, DRGs are depleted of neurons by E17.5, the excess cell death observed in NT-3 null of CREB is interesting, independent of secondary effects on cellular survival, because it may be a more DRGs occurs several days before the excess cell death broadly applicable phenomenon that extends beyond rons. Taken together, these observations support the idea that CREB is required within neurons for neuroperipheral neurons. While not all neurons depend critically upon neurotrophins for survival, all neurons require trophin-dependent growth and survival. proper axonal growth and proper axonal targeting for appropriate function.
CREB Regulates Neurotrophin-Independent In CREB mutant mice, the consequences of impaired Processes during Development of the PNS axonal growth are quite striking when visualized by Our analysis of CREB null mice also implicates CREB whole-mount neurofilament immunostaining. At several in developmental processes that extend beyond growth mid-gestational ages, spinal nerves of CREB mutants and survival of neurons during periods of neurotrophin are distinctly abnormal and underdeveloped. Distal axdependence. The early development of the SCG, for ons project incompletely to the periphery (Figure 8) and instance, appears to be distinctly abnormal in the abproximal projections appear slightly disorganized and sence of CREB. The finding that a normally populated defasciculated (data not shown). Interestingly, the ability SCG was never observed in CREB null mice, even at of distal nerve tips to extend properly to the periphery developmental time points prior to the onset of NGF has been shown to require NGF/TrkA signaling ( et al., 1999) . The axonal growth defects we sidual amount of neuronal viability of CREB null DRG neurons in vivo and in vitro results from partial compenobserved in vivo in CREB null mice were also recapitulated in culture using both DRG and SCG explants as sation by these CREB family members. Immunoblotting experiments revealed detectable levels of expression of well as low-density cultures of dissociated sensory neu-ATF-1 and CREM in extracts prepared from CREB null cally that the upregulation and increased activity of genDRGs (data not shown). However, it is likely that the eral metabolic processes may be needed to provide amounts of these potential compensatory factors in the substrates necessary to sustain a rapidly growing DRGs is very low relative to CREB because immunoneuron. Indeed the identity of CREB target genes that staining of CREB null DRGs with the P-CREB antibody, are central to growth and developmental processes rewhich recognizes all three CREB family members, did mains a major unanswered question. not reveal levels of immunoreactivity above background In summary, we find that the role of CREB in the (Figure 1) . Therefore, while it is possible that CREM and development of the peripheral nervous system is a com-ATF-1 have the capacity to support growth and survival plex one, an observation that should evoke little surprise of peripheral neurons, they may be expressed at levels given that CREB is a widely expressed transcription that are insufficient for these processes in the absence factor that is activated by a variety of stimuli. We show of CREB. It is also interesting to note that, at least behere that neuronal survival and axonal growth are setween the developmental ages of E13.5 and E18.5, no verely compromised in multiple neuronal populations obvious increases in cell death were observed among in the absence of CREB. A comprehensive analysis of neuronal populations within the CNS (data not shown).
CREB-inducible genes that are transcribed during variPerhaps these neurons have an intrinsic survival proous developmental events is likely to reveal that CREB gram that operates independently of CREB, or perhaps family members are responsible for activating the exthey express higher levels of CREB family members or pression of broad subsets of genes rather than simply other factors that have the capacity to compensate for a handful of key master regulatory genes. Clearly, future the loss of CREB. The suggestion that CREB family emphasis should be placed upon identification and members may compensate for a loss of CREB activity characterization of CREB-inducible genetic programs is not without precedent. Indeed, in the hypomorphic that direct growth and survival of neurons. CREB mutant mouse, levels of CREM transcripts have Figure 7B ), neurons were dissociated and grown in medium Dorsal root ganglia were dissected from E13.5 embryos, and supecontaining NGF (0.3 ng/ml) and, where indicated, BAF (50 M) for rior cervical ganglia were dissected from E15.5, E19.5, and P2 mice. 7 days. Then, cells were fixed with PBS containing PFA (4%) and Ganglia were immediately homogenized in extraction buffer conimmunostained for neurofilament. The number of neurofilamenttaining protease and phosphatase inhibitors. Protein extracts (100 positive cell bodies was counted in 25 random fields by a blind g) were resolved by SDS-PAGE, and immunoblotting was perobserver. formed using antibodies for phospho-CREB (Upstate BiotechnolTo visualize axons of isolated DRG neurons, low-density cultures ogy), CREB (Cell Signaling Technology), tubulin (Sigma), or tyrosine were performed largely as described (Liu and Snider, 2001 ). Dissocihydroxylase (Chemicon) as described (Kuruvilla et al., 2000) . ated neurons were plated on glass coverslips (Fisher Scientific) For analysis of CREB phosphorylation in superior cervical ganglia coated with poly-D-Lysine/laminin at a density of 4,000 cells per following neutralization of NGF, mouse pups were administered an coverslip. Cultures were maintained in DRG media containing NGF intraperitoneal injection of anti-NGF (25 l, Sigma) at P0, and were (0.3 ng/ml or 1 ng/ml) and BAF (50 M) for 20 hr, then fixed and sacrificed after 14 hr. SCGs were dissected from the animals and stained with anti-neurofilament antibody. Neurons were photowere homogenized in extraction buffer described above. The entire graphed using a CCD camera, and axon length quantifications were protein extract isolated from both SCGs of individual pups was used performed using Openlab software. For each experiment, the for SDS-PAGE and Western blotting. The phospho-CREB antibody lengths of axonal processes from at least 200 clearly isolated neuwas used as described above, and the TH antibody (Chemicon) was rons were recorded per condition. used at a dilution of 1:10,000. growth by nerve growth factor. Proc. Natl. Acad. Sci. USA 75, 6059-Dissociated cultures of DRG neurons from E13.5 mice were per-6063. formed as described (Lewis et al., 1999) . Neurons from embryos displaying the CREB null phenotype were pooled, and genotype Chrivia, J.C., Kwok, R.P.S., Lamb, N., Hagiwara, M., Montminy, M.R.,
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